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Abstract 
To cope with advances in the electronic and portable devices, electronic packaging industries have employed thinner and larger 
wafers to produce thinner packages/ electronic devices.  As the thickness of the wafer decrease (below 250um), there is an 
increased tendency for it to warp. Large stresses are induced during manufacturing processes, particularly during backside metal 
deposition. The wafers bend due to these stresses. Warpage results from the residual stress will affect subsequent manufacturing 
processes. For example, warpage due to this residual stresses lead to crack dies during singulation process which will severely re-
orient the residual stress distributions, thus, weakening the mechanical and electrical properties of the singulated die. 
 
It is impossible to completely prevent the residual stress induced on thin wafers during the manufacturing processes.  Monitoring 
of curvature/flatness is thus necessary to ensure reliability of device and its uses. A simple whole-field curvature measurement 
system using a novel computer aided phase shift reflection grating method has been developed and this project aims to take it to 
the next step for residual stress and full field surface shape measurement. The system was developed from our earlier works on 
Computer Aided Moiré Methods and Novel Techniques in Reflection Moiré, Experimental Mechanics (1994) in which novel 
structured light approach was shown for surface slope and curvature measurement. This method uses similar technology but 
coupled with a novel phase shift system to accurately measure slope and curvature. 
 
In this study, slope of the surface were obtain using the versatility of computer aided reflection grating method to manipulate and 
generate gratings in two orthogonal directions. The curvature and stress can be evaluated by performing a single order 
differentiation on slope data. 
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1. Introduction 
With the rapid development of electronic devices, the demand of Integrated- circuit chips for complicated and 
portable products increases. As a consequence, the need for smaller and thinner package has become more 
important. However, these changes have lead to an increase of the random crack dies due to process induced 
residual stresses, thus reducing yield of overall production.  
 
Presently, most defective problems in silicon based devices can be traced ultimately to stresses developed during 
various fabrication process stages. As a consequence, residual stress is considered one of the biggest concerns 
© 2011 Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of the Organising Committee of the ICOPEN 2011 conference
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
10  CHI SENG NG and ANAND KRISHNA ASUNDI / Physics Procedia 19 (2011) 9–20
especially the allowable processes induced stresses have become smaller due to the manufacturing of thinner and 
smaller microelectronics devices. If the process induced stresses exceed the critical stress magnitude, dislocations 
occur to relax the stain. Subsequently, other defects such as cracks, void related to stresses surfaced. The causes of 
these cracks and defects are still not well understood. Hence, it is important to be able to characterize the residual 
stress of the wafer during the device fabrication stage and before wafer singulation process in packaging industry. 
 
An understanding of the development, effects and possible avoidance of residual stress is vital and even more 
important for the semi-conductor industries as it goes into the nanometer technology. Whether process-induced, 
residual stress is a significant factor in high wafer breakage rates during microelectronic fabrication. Identifying the 
cause and initiation point of brittle fracture in processed wafers is an important first step towards the goal of making 
this and other newer technologies based on silicon commercially competitive. 
 
There exists techniques that are able to do line scans on the whole silicon sample, but these methods will increase 
the cycle time significantly, hence, it is not desirable. Most of the current techniques are point measuring techniques 
and require time consuming as well as complex scanning technologies. In this paper, a simple set-up for full-field 
slope and curvature measurement of Si-wafers using a novel a computer aided phase shift reflection grating method 
is introduced. The beauty of the method lies in its simplicity for rapid whole field detection system coupled with the 
high resolution required in the microelectronics and MEMS industries. 
 
  
2. Reflectometry 
The main application of reflection moiré method is the determination of the surface slope of thin plates. As 
against majority of optical methods which map the out of plane displacement of all point on the surfaces, the 
reflection moiré method gives the slopes directly and curvature with one order differentiation. In this way the first 
and second derivatives of out-of-plane displacement are obtained. Curvature information is important as the small 
deflection in thin plates is directly related to the bending moments in surface. The main disadvantage of this method 
is the requirement of specular surface for the specimen under test. The reflected images from the specular surface in 
deform and reference states can be superimposed to create a moiré pattern. This pattern provides the information on 
the out-of-plane slope. Another plus points for this method is the easy implementation and equipments needed are 
minimal compare to other interferometry. 
2.1. Fundamental of Reflectometry 
Our proposed method uses structured light principles to provide directly the surface slope of the wafer from 
which the flatness or the curvature for stress measurement can be readily deduced.  Figure 1 shows the schematic as 
well as photograph of our current lab based system which has been used for testing of wafers provided by Infineon 
and other sources.  
 
In this technique, a sinusoidal pattern of horizontal or vertical lines (called gratings) is generated and displayed 
on Liquid Crystal Display (LCD). A beam-splitter is used to project this grating onto the surface of the test wafer. 
The image of the grating observed through the wafer is captured by the camera. This is actually the virtual image of 
the grating on the LCD panel, and is distorted by variations in the surface slope.  
 
Thus, this method provides the derivative of the surface profile or the slope variations of the sample directly, 
unlike other available techniques that provide the surface displacement. Hence with the proposed method, radius of 
curvature, which are directly proportional to stresses can be obtained using a single phase differentiation. Errors 
arising from numerical differentiation are significantly reduced. Furthermore, since the gratings are generated in the 
computer, orientation and type of gratings can be easily and readily varied to suit different applications. Additionally 
there are no moving parts which make for more accurate and robust measurement.  
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Typical projected and reflected grating patterns for horizontal, vertical and circular gratings are shown in Figure 
2. Local deviations in surface slope are clearly seen, whereas the overall changes in curvature can be deduced using 
the four-step phase shifting approach follows by optical differentiation. 
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Figure 1: Schematic and photograph of current lab based setup 
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Figure 2: Projected and reflected grating patterns as seen 
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Since the curvature measured is relatively small, the stress can be approximated as:  
Stress Į  
r
1
     (1) 
 
One can simply derived the stress of the wafer based on the curvature obtained as in equation 1. 
Refer to Figure 2 for details on Equation 2 related to derivation of the radius of curvature. 
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where: 
 
R= radius of curvature of substrate 
ts= substrate thickness 
tf= film thickness 
E= Young’s modulus of substrate 
n= Poisson’s ratio of substrate 
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Figure 3: Radius of curvature of substrate 
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2.2. Methodology
In this section, both horizontal and vertical gratings are generated using the LCD panel and projected onto the 
specimen surface. By using this technique, the pitch of horizontal and vertical grating can be varied and controlled 
without moving parts, thus reducing the possible error and improving the accuracy. The following algorithm is 
based on literature [4]. 
 
When image of wafer with horizontal grating is captured, only changes in direction perpendicular to the grating line 
can be analyzed. Therefore, image of wafer with vertical grating is needed in order to perform analysis in the other 
direction. In the four step phase shifting approach, four images of the grating are captured using CCD cameras while 
the grating is translated in steps of quarter of their pitch (spacing between adjacent dark lines). Two set of four phase 
shifted images with horizontal and vertical gratings are captured using CCD cameras at 0°, 90°, 180°, and 270° 
degree intervals.  
The 4 phase shifted images have the intensity values as follows: 
 
]0),(cos[),(''),('),(0 S) yxyxIyxIyxI     (3a) 
 
]5.0),(cos[),(''),('),(90 S) yxyxIyxIyxI     (3b) 
 
]),(cos[),(''),('),(180 S) yxyxIyxIyxI     (3c) 
 
]5.1),(cos[),(''),('),(270 S) yxyxIyxIyxI     (3d) 
 
 
 
A phase shift algorithm is used to deduce the phase of the distorted pattern which can be readily related to the 
surface slope. With this technique, one can analyze the intensity of the image captured at pixel level. The process is 
done over the full-field of the wafer simultaneously and in near real-time.  
 
Resultant image of these shifted images are able to provide the phase information of the whole wafer. With some 
simple mathematical manipulation from set of equations 3, the phase parameter) , which is of interest, can be 
solved as in equation 4: 
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Next, the phase derivatives 
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can be determined using the equation 5 and equation 6: 
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where  )1(x)  and )2(x) are the same phase image. Either )1(x)  is laterally shifted -1 in x-direction or  
)2(x)  is laterally shifted +1 in x-direction, both with respect to origin. 
 
Similarly in y-direction, 
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where  )1(y)  and )2(y) are the same phase image. Either )1(y)  is laterally shifted -1 in y-direction or  
)2(y)  is laterally shifted +1 in y-direction, both with respect to origin. 
 
Noted, the lateral shift is performed in the direction perpendicular to the gratings. Phase derivatives obtained in both 
directions from the above equation are needed for curvature calculations in both directions. For better sensitivity and 
accuracy, small shear is preferred, x2-x1=1 and y2-y1=1 are chose. Next, median filter is used to do a minimum 
touch up to reduce noise present in phase derivatives, yet preserve the important data. Derivatives of this phase 
along the two orthogonal directions provide the curvature and twist data of the wafer. For general 2-D stress 
analysis, gratings along two perpendicular directions are generated to get the curvature and twist in the x-and-y-
directions. 
 
Consequently, residual stresses are related to the curvature and twist through the general stoney equation. An added 
advantage of this method is that we can determine the curvature along two perpendicular directions without rotating 
or moving the grating. 
 
The curvature and twist which are the normal stress and shear stress in x-direction are calculated using equation 7 & 
equation 8: 
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Similarly, the curvature and twist which are the normal stress and shear stress in y-direction are: 
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where:  
 
x P is the ‘pitch’ which is equal to the distance in pixel between two concurrent grating lines of maximum or 
minimum. The pitch of the grating can he varied easily in the software since it is projected using LCD 
panel. 
 
x x' , y'  is the shear distance in term of pixel. The smallest shear distant achievable is 1 pixel, where is the 
size of the pixel is determined by the image. The sensitivity of the resultant data greatly depends on the 
shear distance. 
 
x The total distance, L is the summation of horizontal distance (between LCD and the center of beam splitter) 
and vertical distance (between beam splitter and wafer surface). 
  
x A demagnification term is considered for the image processing too. This demagnification term is a factor 
associated with imaging lens to provide us with a correct curvature and twist interpretations. 
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3. Experimental Findings 
In this section, the experimental data for phase and phase derivative obtained from our lab-based setup are 
presented. The distributions illustrate phase for slope and curvature. Practically, measurement is possible for 
samples with reflective surfaces such as mirror, thin films and silicon substrate.  In this system, stress is calculated 
based on the changes in curvature before and after the thin film deposition. Numerical data obtained from our 
proposed system and FLX-2320 from KLA-Tencor is used to derive the linear regression models. The linear 
regression models act as the transformation from phase to radius of curvature.  A concave mirror with known radius 
of curvature is measured using our proposed system. The measured phase is used to verify the linear equation 
models derived for phase to radius of curvature transformation. 
 
3.1. System Calibration  
The phase for slope, )  and phase derivative for curvature, ')  obtained from phase shift algorithm need to be 
transformed in to radius of curvature for quantitative analysis. A phase to radius of curvature transformation 
coefficient is thus needed. The Linear Regression model established in [8] has been adopted to obtain the 
transformation. Further refinement on the model has been performed to obtain 2 linear regression models for data in 
orthogonal directions. 
 
Similarly, a relationship between radius of curvature obtained from KLA-Tencor and the phase derivatives obtained 
from reflection grating method will be established. The equations obtained will be direction dependent. In other 
words, the numerical phase data, 2
2
dx
ww
 and 2
2
dy
ww
 obtained from the proposed system results in two linear 
regression model as shown in equation 11 and 12. 
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 where Rx, Ry represent the Radius of curvature values and phases, 2
2
dx
ww
 and 2
2
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ww
  are phase derivatives obtained 
from our proposed system. Details on the derivation of equation 11 and 12 can be found in [8]. Rx and Ry correspond 
to the radius of curvature in two perpendicular directions. 
 
3.2. Curvatue Analysis of Reference Mirror Measurement 
Optical flat and concave mirrors certified by Zygo Corporation are employed to verify the system calibration. This 
mirror was used by the KLA Tencor during the equipment calibration.  The average radius of curvature of the 
concave mirror used in this paper is claimed 20.32± 0.5 (m) by manufacturer. Figure 7 shows the phase,
 dy
ww
 ,
dx
ww
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and phase derivatives, 2
2
dy
ww
, 2
2
dx
ww
 of the concave mirror. From our system, the Ry of the concave mirror is found 
equal to 20.32957(m), while Rx is found equal to 20.88401(m). Noted, Ry and Rx represent average radius of 
curvature along the center horizontal and center vertical of the concave mirror. Both Rx and Ry are highlighted with 
dotted line. Good agreement has been observed. The measured values for radius of curvature of the concave mirror 
lie within the limit provided by the manufacturer. The measured Ry is 0.05% higher than the mean, while the 
measured Rx is 2.75% higher than the mean value. 
 
 
       (a)          (b) 
  
   (c)          (d) 
 
Figure 4: Whole-field Phase Distributions of Concave mirror (a&c) Slope (b&d) Curvature 
 
3.3. Curvature and Stress Measurement of Silicon Wafer 
The results presented in the previous sub-section proved the measurement capability of the proposed system. In this 
section, whole-field slope and curvature distribution of bare wafer and wafer with back metallization will be 
illustrated. For better understanding, wafers with concave and convex surface profile have been chosen to visualize 
the curvature changes. Curvature data in both directions is needed in order to complete the stress analysis. The bare 
wafer which has convex surface profile is expected to have negative radius of curvature. As expected, the Rx of bare 
wafer is measured to be -83.241(m) and Ry of the bare wafer is measured to be -67.176(m). The wafer deposited 
with Titanium backside has concave surface profile is expected to have positive radius of curvature. Again, the Rx of 
Titanium wafer is measured to be 28.837 (m) and Ry of Titanium wafer is measured to be 31.364(m). The curvature 
distributions of bare wafer and wafer with Titanium backside metallization are illustrated in Figure 5 and Figure 6. 
The experimental figures obtained are verified using KLA Tencor system. Bare wafer has shown to have more 
homogeneous distributions than the wafer deposited with back metallization. This may due to the mismatch in 
coefficient in thermal expansion between the wafer and the metallization. The sudden changes in temperature 
gradient experienced by the wafer during the manufacturing processes might induce some residual stress that is 
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irreversible, consequently, warpage results. After analyzing the curvature phase distributions shown in Figure 6, one 
could say with more confident that points/line measurement are not able to predict the curvature changes of the thin 
wafer accurately, even if higher accuracy can be obtained for a specific line by these equipment. Curvature changes 
along the center line might not represent the changes around the circumference. From our previous publications, 
severe slope and curvature changes were observed around the circumference of thin wafers with metallization. To 
illustrate the stress calculation, changes in the average radius of curvature before, R1 and after, R2, the back 
metallization deposition is needed. The stress induced due to back metallization deposition is determined by changes 
in radius of curvature, R. Since stress is inversely proportional to R, the changes in R can be deduced as follows: 
12
111
RRR
       (13) 
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)( 21
21
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       (14) 
Stress induced can only be calculated if the change in radius of curvature before and after back metallization 
deposition is known. The radius of curvature in Figure 6 (a&b) before deposition process is not known. Only the 
radius of curvature after deposition is known. Since the bare wafer presented in Figure 5 (a&b) originated from the 
same batch, it is assumed the wafer in Figure 6 (a&b) has similar radius of curvature before metal deposition. 
The stress induced due to back metal deposition can be calculated with the following equation: 
Rtv
Eh
6)1(
2

 V      (15) 
where h is the substrate thickness, R is the radius of curvature and t is the film thickness. 
 For 100 plane silicon wafer 
)1( v
E

 is equal to 1.805 x 1011 Pa. With the assumptions made, the stress induces within the 
wafer with titanium back metallization is calculated. The average stress induced in x-direction is 1551MPa and the average stress 
induced in y-direction is 1554MPa. 
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Figure 5: Curvature distributions of bare wafer (a) vertical grating (b) horizontal grating 
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Curvature Phase (Vertical Grating)
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            (b)                            (d) 
Figure 6: Curvature distributions of wafer with Titanium metallization (a) vertical grating (b) horizontal grating 
4.   Conclusion 
The aim of this research is to prove that the proposed system, Reflectometry, is able to perform rapid measurement 
of the radius of curvature of reflecting surface with relatively high accuracy. The proposed system is able to provide 
full field information for the specimen under test.  This feature allows user to quickly access the residual stress 
induced due to manufacturing processes. Most of the current available techniques are point measuring techniques 
and require longer scanning time as well as complex scanning technologies, thus, quick overview of full field 
information become impossible. From the results presented above, our current method involves a simple setup but 
still provides whole-field and sensitive measurement capability. 
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